NASA's Kepler mission has discovered thousands of planetary systems, ∼ 20% of which are found to host multiple transiting planets. This relative paucity (compared to the high fraction of single transiting systems) is postulated to result from a distinction in the architecture between multi-transiting systems and those hosting a single transiting planet: a phenomenon usually referred to as the Kepler dichotomy. In this paper, we investigate the hypothesis that external giant planets are the main cause behind the over-abundance of single-relative to multi-transiting systems, which would be signaled by higher metallicities in the former sample. To this end, we perform a statistical analysis on the stellar metallicity distribution with respect to planet multiplicity in the Kepler data. We perform our analysis on a variety of samples taken from a population of 1166 Kepler main sequence planetary hosts, using precisely determined metallicities from the California-Kepler survey and Swift et al. (2015) . Contrary to some predictions, we do not find a significant difference between the stellar metallicities of the single-and multiple-transiting planet systems. However, we do find a 55% upper bound for systems with a single non-giant planet that could also host a hidden giant planet, based on metallicity considerations. While the presence of external giant planets might be one factor behind the Kepler dichotomy, our results also favor alternative explanations. We suggest that additional radial velocity and direct imaging measurements are necessary to constrain the presence of gas giants in systems with a single transiting planet.
1. INTRODUCTION
The Kepler Dichotomy
Since 2009, the Kepler mission and its follow-up observations have found more than 4,000 exoplanet candidates. With an estimated fidelity of more than 90% (e.g. Morton & Johnson 2011 ) the abundant Kepler data have ushered in a new age of statistical exoplanet studies leading to a number of important discoveries about the nature of the planetary population within our galaxy . In general, small planets have been found to be more abundant (Howard et al. 2012; Petigura et al. 2013; Dressing & Charbonneau 2013; Batalha 2014; Silburt et al. 2015) . Evidence from the planet radius distribution further implies a division between rocky terrestrial planets with radii munozcar@grinnell.edu kemptone@grinnell.edu R p < 1.6R ⊕ and somewhat larger sub-Neptunes with hydrogen/helium envelopes and ∼ 1.7R ⊕ < R p < 3R ⊕ Lopez & Fortney 2014; Rogers 2014; Wolfgang & Lopez 2015; Howe et al. 2014) .
One particularly impactful discovery of the Kepler mission has been the population of systems with multiple transiting planets, which typically exhibit compact short-period orbits and mutual inclination dispersions of only a few degrees (e.g. Fabrycky et al. 2014) . These dynamically rich systems have allowed for masses to be determined via transit timing variations (TTVs) and for theories of planet formation to be put to the test. Multitransiting systems constitute ∼ 20% of the Kepler sample 1 . While this fraction may seem large, given the low geometric probability of transit, single-component models that attempt to recover the Kepler planetary mul- tiplicity distribution under-predict the number of observed single transiting systems by a factor of three (Lissauer et al. 2011; Hansen & Murray 2012; Weissbein et al. 2012) . For this reason, the general consensus is that planetary systems are divided into at least two populations: one with multiple small planets and low mutual inclinations, and the other with larger planets and either inherently lower multiplicities or high mutual inclination dispersions. (Moriarty & Ballard 2016; Lai & Pu 2017; Johansen et al. 2012; Ballard & Johnson 2016) This distinction is known as the Kepler dichotomy, and its cause is still unknown.
Possible Causes
Several studies that have attempted to explain the Kepler dichotomy suggest a relationship between this phenomenon and the presence of undetected external gas giant companions in single transiting systems. Moreover, since gas giants are much more common in stars with a high metal content while smaller planets are found to exist in systems with a wider range of metallicities (Fischer & Valenti 2005; Johnson et al. 2010; Mayor et al. 2011; Buchhave et al. 2012; Neves et al. 2013; Wang et al. 2015) , it is possible that a relationship between high metallicity and single transiting systems exists.
The link between outer giant planets and single transiting systems could arise in a number of ways. For instance, Johansen et al. (2012) found that neither planetary collisions nor ejections can recover the observed Kepler multiplicity in timescales commensurate with the lifetime of a typical planetary system. Instead, they concluded that the Kepler dichotomy must be caused by gas giants starving the inner disk during planetary formation -a scenario also proposed by Moriarty & Fischer (2015) and Latham et al. (2011) . Indeed, gas giants have also been found to act as barriers to the inward migration of the common super-Earths in planet formation simulations (Izidoro et al. 2015) .
Alternatively, the observed excess of systems with a single transiting planet could be the result of large mutual inclinations caused by the disruptive effects of gas giant companions. Analyses done by Lai & Pu (2017) reveal that external giant planets can excite mutual inclinations in two-planet systems. Specifically, strong resonance features appear when the external planet is more massive than the innermost one -a characteristic of many multi-planet systems (Weiss et al. 2017) . Building on this work, Read et al. (2017) found that a combination of inherently inclined systems and systems perturbed by a gas giant best predicts the abundance of single transiting planets. As a result, they propose a testable hypothesis that systems with a single transiting planet and a hidden gas giant companion, and systems with two transiting planets with high inherent mutual inclinations must exhibit different metallicity relationships.
On the other hand, a correlation with stellar metallicity might not be a necessary corollary to the physical origin of the Kepler dichotomy. For example, Lai & Pu (2017) mention that instead of an external gas giant, a stellar companion -whose presence would not be associated with high metallicity -can also excite mutual inclinations of inner planets. Wang et al. (2015) performed a direct imaging search for the stellar companions to Kepler systems but did not obtain sufficient data to make claims about the occurrence of stellar companions as a function of planetary multiplicity. Furthermore, a straightforward comparison by Swift et al. (2015) shows the metallicity distributions of cool dwarf singles and multis are indistinguishable from each other.
There are other possible indications that considerations related to the planets' host stars that might be responsible for the Kepler dichotomy. For example, according to Moriarty & Ballard (2016) , the multiplicity distributions are different in GK than in M dwarf stars -while 1 /3 of M dwarfs host multiple transiting planets, only 20% of GK stars do. They also proposed the inferred difference in system architectures might be caused by a variety of disk surface density profiles during planetary formation. Additionally, they predict that single transiting systems should have higher stellar obliquity and larger average orbital eccentricities. In a similar manner, Spalding & Batygin (2016) found that stars with higher effective stellar temperature (T ef f > 6200 K) host considerably more single transiting planets than colder stars. Since hot stars are found to have a wide range of obliquities (e.g Winn et al. 2010; Mazeh et al. 2015) , they suggested that early on spin-orbit misalignment can produce the increased mutual inclinations responsible for the Kepler dichotomy.
Finally, the over-abundance of systems with only one transiting planet might not necessarily imply the existence of an architecture dichotomy. Recent simulations show that using a flat planetary disk model (instead of a flared one) removes the need for a Kepler dichotomy (Bovaird & Lineweaver 2017) . These simulations reveal that with such a disk, planets with small periods show greater mutual inclinations, ultimately making the simulated planetary systems consistent with Kepler detections. Simulations using a single mutual inclination distribution that accounts for planetary instability are also able to match the observed multiplicity without the need for an architecture dichotomy (Izidoro et al. 2017 ).
Outline of this Paper
In this paper, we present a statistical analysis regarding the distribution of stellar metallicities in Kepler Objects of Interest (KOIs) hosting single vs. multiple transiting planets. Our goal, motivated by the aforementioned possible sources of the Kepler dichotomy, is to confirm or reject the existence of a correlation between stellar metallicity ([Fe/H]) and planet multiplicity. In the case that the presence of a gas giant companion is the main cause for the dichotomy -either by preventing more planets from forming or hiding them by exciting mutual inclinations -we would expect to find higher stellar metallicities associated with singletransiting systems. While most [Fe/H] data from the Kepler Input Catalog (KIC) have high uncertainties and systematic errors (Dong et al. 2014; Brown et al. 2011) we rely on the more precise stellar parameters given by the California-Kepler Survey (CKS), which accurately classify a subsample of 1305 KOIs 2 Johnson et al. 2017) . Additionally, we include the physical parameters of 104 M dwarf stars provided by Swift et al. (2015) . By using high resolution and high signalto-noise spectroscopy, the CKS data provides precise constraints on host star parameters, with a typical precision of 0.04 on [Fe/H]. In the case of the M dwarf sample, the typical precision on [Fe/H] is 0.14.
In Section 2, we describe the process we follow to build the sample of KOIs for our study, as well as our subclassifications for these systems. Section 3 outlines our [Fe/H] distribution analysis and the statistical comparisons we carry out. In this section, we also describe a Monte Carlo probability simulation to determine an upper boundary to the fraction of single transiting systems that could additionally host a hidden gas giant. In Section 4, we discuss our results and move on to comment on their implications for the origin of the Kepler dichotomy and the evolution of planetary systems in general.
SAMPLE SELECTION AND CATEGORIES
To study the origin of the Kepler dichotomy and a possible correlation with the presence of gas giants, we search for evidence of stellar metallicity trends associated with planetary multiplicity. Our study examines the set of 1409 unique KOI host stars surveyed by the CKS and Swift et al. (2015) . The latter sample is included to increase the number of M-dwarf hosts in our study sample so as to provide a more representative set of exoplanet hosts. The primary CKS sample (∼3/4 of their total sample) is magnitude limited ) and should therefore not present any strong selection effects associated with metallicity or planetary multiplicity. The final 1/4 of the CKS sample includes fainter stars that were selected based on scientific merit, including an explicit selection of multi-planet systems. For this reason, the CKS catalog contains a higher fraction of multi-planet systems (37%) compared to the full KIC (∼20%). However, we do not expect this bias to affect our subsequent metallicity analysis -only the relative fraction of single vs. multi-planet systems in our study sample.
We further cull the CKS sample in the following two ways. (1) We narrow our selection to those stars that host at least one object not labeled as a false positive by the CKS. (2) We limit our sample to main sequence hosts, and reject giant stars based on a cut in surface gravity (log g) and effective temperature (T ef f ), similar to the one used by Winn et al. (2017) (see Figure 1) . We perform this cut to remove evolved systems from our sample due to the unknown effects of postmain sequence evolution on planet formation and also because it is uncertain if the stellar metallicity correlation with Jovian planet occurrence applies to giant stars (e.g. Pasquini et al. 2007; Maldonado et al. 2013; Reffert et al. 2015) . In selecting for main sequence stars, and in later analyses that involve stellar metallicity and planetary radii of the CKS sample, we use system parameters derived from the CKS isochrone modeling data, which are less likely to underestimate the occurrence rate of evolved stars and the uncertainties of the stellar parameters . In the case of the Swift et al. (2015) sample, we do not use isochrone parameters, since these are not available. Moreover, given that the Swift et al. (2015) sample does not include surface gravity parameters, we assume that the entire catalog consists of main sequence stars. The cuts described above result in a final sample of 1166 stars hosting 2010 planets.
We next classify the remaining main sequence stars from our sample according to planet multiplicity and the radii of the planets they host. We group the planets into three size classifications based on empirical evidence for divisions in planetary bulk composition. Each planet is identified as a terrestrial, gas dwarf, or giant using the size cuts from Buchhave et al. (2014) -1.7 R ⊕ and 3.9 R ⊕ , delineating the divisions between terrestrial / gas dwarf and gas dwarf / giant planets, respectively. Similar size cuts for classifying exoplanets by their bulk composition have been proposed by a number of other authors (e.g. Weiss & Marcy 2014; Hatzes Triangles and squares denote systems that host at least one gas giant planet (Rp > 3.9R⊕) and those that only host non-giant planets, respectively. We consider those stars above the dashed line with equation log(g) = −4.3 × 10 −4 T ef f + 6.55 to be evolved giants and remove them from our sample. The dwarf star sample from Swift et al. (2015) does not have available surface gravity values, and thus it is not shown in this figure. Right panel: the remaining main sequence stars, with same the color scheme as the left panel. Systems are well dispersed throughout the diagram in terms of both size and multiplicity with the exception that stars with T ef f > 6200 K are more likely to host singles, as noted by Spalding & Batygin (2016) .
& Rauer 2015; Chen & Kipping 2017). Our detailed classification scheme is described, as follows:
• Singles: Systems hosting exactly one transiting planet not classified as a false positive. (731 systems)
• Multis: Systems hosting more than one planet not classified as a false positive. (435 systems)
• At least one giant planet (AOG): Systems hosting at least one planet with R p > 3.9R ⊕ . (182 systems; 115 singles, 67 multis)
• Each planet size category is further subdivided into single and multiple transiting systems (singles and multis), as detailed above.
METALLICITY ANALYSIS

Metallicity Distribution Statistical Tests
The occurrence rate of giant planets is enhanced by almost a factor of five in metal rich stars, relative to planets with R < 3.9R ⊕ (Wang et al. 2015) . For this reason, if the Kepler dichotomy is caused by gas giants (that starve the inner disk during planetary formation, excite mutual inclinations, and/or cause collisions between inner planets), we would expect singles to exhibit some correlation with high stellar metallicity. Nevertheless, a simple comparison reveals that multis instead have a mean [F e/H] that is 0.009 dex higher than that of singles -a small but insignificant difference compared with the typical error on metallicity estimates from the CKS data of ∼ ±0.04 (see Figure 2) .
We move on to compare the metallicity distributions in more detail. Using a two-sample KolmogorovSmirnov (K-S) test, we aim to determine if the underlying distribution of [F e/H] in singles differs significantly from that of multis. If the p value returned by the K-S test is smaller than 0.05, or the D statistic is greater than 1.36 (N s + N m )/(N s N m ), where N s is the number of singles and N m the number of multis, we can conclude that the two samples are derived from different underlying distributions at greater than 95% confidence. We perform the K-S test for singles and multis in the full sample, as well as for the various sub-samples (AOG, ON G, OT , and OGD) to examine any differences across planet size categories. Table 1 gives our results, while the lower panel of Figure 2 shows the cumulative distributions for the data from the full sample. We also perform two-sample Anderson-Darling tests on all the previous cases, which always produce values consistent with the K-S results. In all cases, we do not find evidence to reject the null hypothesis that both populations are derived from the same metallicity distribution. We do derive a relatively low p value for the sub-Neptune sample, which we attribute to a higher average metallicity in the multi gas-dwarf systems (discussed in more detail, below).
To further disentangle the effects of planet size and planet multiplicity, we proceed to compare the [F e/H] distribution of each of our samples with one another, first considering all systems, then looking at only single transiting systems and only multiple transiting systems separately ( Table 2) . As expected, we find the metallicity distribution for systems with only terrestrial planets is inconsistent with that of the giant planet hosts -the latter are associated with higher metallicity. This result holds at a comparable significance level of greater than 3-σ for both the Kepler singles and multis, again indicating no underlying differences in the metallicity distribution as a function of planet multiplicity in these systems. We similarly find a high degree of inconsistency between the metallicity distribution for systems hosting giant planets and those only hosting non-giants, with one notable exception. The [F e/H] distribution of systems that only host multiple gas dwarfs appears to be congruent with those that host at least one giant (and equivalently incongruent with those that host only terrestrial planets). This may be a result of a greater inventory of solid material being needed to form multiple massive planetary cores for a multi gas-dwarf system. It could also indicate that some gas dwarfs -specifically those in multi-planet systems -may be the eroded remains of larger giant planets. Our results recover the well-known stark differences between the high metallicities associated with stars hosting giant planets and the lower metallicities of those hosting only terrestrial planets (e.g. Buchhave et al. 2014; Wang et al. 2015) (Figure 3) . One pertinent question that arises with respect to the giant planet metallicity correlation is whether it extends to longer orbital periods, since the suggested origin of the Kepler dichotomy relates to undetected gas giants in outer orbits. We find that limiting our K-S test of terrestrial planet vs. gas giant hosts to only those gas giants with longer orbital periods maintains the inconsistency in metallicity between these two populations. However, the sample of gas giant hosts in our sample with orbital period much longer than 100 days quickly becomes vanishingly small, so, like many other studies, we cannot state conclusively that the gas giant metallicity correlation extends to planets that orbit beyond snow or ice lines. 5 realizations of a K-S test between a randomly generated sample of ON G singles and AOG systems compared to the full ON G singles sample. The blue triangles show the mean fg for p values increasing in intervals of 0.02. The red line at p = 0.0455 is the 2σ upper boundary, which corresponds to a ∼ 55% fraction of giant planet hosts that could be embedded within the ON G singles sample.
Monte Carlo Test for Overlap Between Single Planet and Gas Giant Populations
The lack of a metallicity increase associated with the Kepler singles indicates that gas giants are unlikely to be the main factor behind the Kepler dichotomy. From the 731 systems that constitute the main sequence singles population, 616 are found to not host any giant planets. Nonetheless, it is possible that, in accordance with some predictions (e.g. Moriarty & Fischer 2015; Lai & Pu 2017; Read et al. 2017 ), a fraction of these systems host long-period giant planets that are yet to be discovered or are hidden due to high mutual orbital inclinations. Therefore, while there is not a substantial overlap between the giant planet host population and Kepler singles, based on our metallicity analysis, a partial overlap between the single transiting systems and stars hosting unseen giant planets is still possible. For this reason, we aim to determine the maximum fraction of systems with a single non-giant transiting planet that could also host a hidden gas or ice giant. We run a Monte Carlo simulation of two-sided K-S tests that compare the [F e/H] distribution of a random sample with that of the giant planet hosts. First, our simulation generates a random number 0 ≤ f g ≤ 1, which we use to build a 182-element (the number of systems in the AOG sample) array that randomly takes [F e/H] values from the AOG and ON G singles populations, with replacement. For instance, if f g = 0, our random sample consists of 182 random values taken only from the ON G singles sample; on the other hand, if f g = 1, the random sample contains metallicities from the AOG population only. Then we perform a K-S test between the randomly selected sample and the ON G singles population, and find the resulting p value. We repeat the Monte Carlo simulation 10 5 times and show the result of each iteration (gray dots) in Figure 4 . The 2σ upper bound (corresponding to p = 0.0455) is found to correspond to a value of f g ≈ 0.55, such that up to ∼ 55% of ON G singles could host a hidden gas giant planet without altering our results from above.
DISCUSSION AND CONCLUSIONS
This paper has presented a statistical comparison of Kepler planetary hosts of single and multiple transiting systems as a means of uncovering the source of the Kepler dichotomy. We have specifically searched for indications that Kepler singles may be preferentially accompanied by gas giant planets, which would be marked by a signpost of higher host star metallicity in these systems. We find no such metallicity trends and no significant differences between the metallicity distribution of Kepler singles and multis. This result holds up across the full main-sequence samples, as well as with the other planet-size based sub-samples that we examined.
We recover strong differences in the metallicities of giant planet hosts vs. non-giant hosts. Giant planets in our sample preferentially orbit metal-rich stars, whereas terrestrial planets and single gas-dwarfs do not show as strong a bias toward high metallicity host stars. However, we also report a higher average metallicity in systems with multiple gas-dwarf planets. These results are in line with previous findings from the literature. (Wang et al. 2015) Our Monte Carlo simulation shows that up to 55% of systems with a single non-giant transiting planet could host an undiscovered giant, based on metallicity considerations. This finding supports a conclusion that giant planets are not the main source of the over-abundance of Kepler singles, although they could be one contributing factor. However, since gas giants with long periods could exhibit a different metallicity correlation, a definitive answer to the cause of the Kepler dichotomy requires supplementary analyses. Radial velocity and imaging surveys designed specifically to search for long-period giant planets in single vs. multiple transiting systems will ultimately reveal the role of gas giants in sculpting the multiplicity distribution of close-in transiting exoplanets.
